Context. Some models of Big Bang nucleosynthesis suggest that very high baryon density regions were formed in the early Universe, and generated the production of heavy elements other than lithium such as fluorine F. Aims. We present a comprehensive chemistry of fluorine in the post-recombination epoch.
Introduction
Early Universe chemistry (standard Big Bang chemistry, hereafter SBBC), of which hydrogen recombination is only one aspect, has been the subject of several studies in the conventional frame of a homogeneous expanding Universe. One of the most important result of these studies is that the formation of a significant number of molecules such as H 2 and HD plays a crucial role on the dynamical evolution of the first collapsing structures appearing at temperatures below a few hundred K.
The literature on chemistry in the post-recombination epoch has expanded considerably in the recent years. Many authors have developed studies of primordial chemistry in different contexts:
-Chemical network (Lepp & Shull 1984) ; (Puy et al. 1993) ; (Stancil et al. 1996) ; (Galli & Palla 1998) ; (Lepp et al. 2002) ; (Pfenniger & Puy 2003 ).
-Formation of the first objects (Puy & Signore 1996) ; (Abel et al. 1997) ; (Abel et al. 2000) ; (Shchekinov & Vasiliev 2006) ; (Núñez-López et al. 2006) ; (Hirata et al. 2006 ); (Yoshida et al. 2006) ; (Puy & Pfenniger 2006 ).
All these authors clearly point out that trace amounts of light molecules such as H 2 , HD and LiH were formed during the post-recombination period of the Universe. However a key item is the question of heavier elements synthesis during the phase of primordial nucleosynthesis and the formation of the corresponding molecules during the period of recombination, because many observations suggest that heavy elements already exist in high redshifts (Songaila 2001) ; (Pichon et al. 2003) ; (Arracil et al. 2004) ; (Cohen et al. 2004) .
It is known that under certain conditions, high density baryonic bubbles are created in the Affleck-Dine model of baryogenesis (Affleck & Dine 1985) , and these bubbles may occupy a relatively small fraction of space, while the dominant part of the cosmological volume is characterized by the normal observed baryon-to-photon ratio. The value of this ratio η in the bubbles could be much larger than the usually accepted value and still be consistent with the existing data on light element abundances and the observed angular spectrum of cosmic microwave background radiation (CMBR). In this context, numerous authors investigated the possibility that non-homogeneous baryogenesis produced very high baryon density in a small fraction of the universe and in these regions some fraction of heavy elements were already synthesized during primordial nucleosynthesis (Applegate et al. 1987 ); (Thomas et al. 1994) ; (Jedamzik et al. 1994 ); (Kurki-Suonio et al. 1977) ; (Jedamzik & Rehm 2001 ). More recently (Matsuura et al. 2005) analyzed Big Bang nucleosynthesis in very high baryon density regions. They found that primordial synthesis can produce very heavy elements including proton rich nuclei such as 92 Mo, 94 Mo, 96 Ru and 98 Ru. Abundance of primary fluorine is below the abundances of the primordial C N O group during the Big Bang nucleosynthesis. However molecular fluorine could be more important in comparison with the molecules provided by reactions with C, N and O atoms. The first detection of interstellar hydrogen fluoride was reported by (Neufeld et al. 1997) using the long wavelength spectrometer of ISO satellite. To interpret this detection of HF, they have constructed a simple model for the steady state of chemistry of interstellar fluorine with H 2 and with water. Two important factors must be considered for the formation of the molecular component in the early universe. One is the binding energy of the hydrogen atom in the molecular component considered, and the second the ionization potential of the molecule. Relative to these two criteria, the molecule of fluorine HF is an interesting candidate. Ionization potential of F (I F = 17.42 eV) is greater than that of hydrogen (I H = 13.6 eV). Thus fluorine ions must have recombined before hydrogen ions in the early Universe. Moreover the binding energy of HF, E HF = 5.92 eV, is greater than the binding energy of H 2 . As such, HF could be formed in the early Universe.
In this paper we investigate the growth of molecular fluorine abundance. In Sect. 2, we introduce the standard Big Bang chemistry (hereafter SBBC). In Sect. 3, we perform a detailed analysis of the primordial chemical evolution of the atomic and molecular species of fluorine. Finally, in Sect. 5 we discuss some extensions and implications of this study.
Standard Big Bang chemistry
The standard Big Bang nucleosynthesis (SBBN) model predicts the nuclei abundances, mainly those of hydrogen, helium and lithium, and their isotopes in the early Universe. The standard chemistry of the early Universe is the chemistry of these light elements and their respective isotopic forms. This chemistry is non-trivial because on one hand the universal expansion dilutes matter, so lowers the collision rates and slows down the chemical reactions, while, on the other hand, the matter and radiation temperatures drop, which decreases the molecule destruction rates, so may encourage molecule formation.
After the hydrogen recombination, the ongoing physical reactions are numerous, partly due to the presence of the cosmic microwave background radiation (or CMBR), Stancil et al. 1998 . We can establish three classes of chemical reactions:
Thus the chemical composition of the primordial gas consists of electrons and: Their respective abundances are calculated from a set of chemical reactions for the early Universe. Here we use the chemical network described by Galli & Palla (1998) . This set of ordinary differential equations depends on the radiation temperature T r or on the matter temperature T m and the matter density. All of these evolution equations must be solved simultaneously (Puy & Pfenniger 2006) . The chemical kinetics of a reactant ξ depends on the ξ-destruction, by collision with the reactant ξ ′ (reaction rate k ξξ ′ ):
and on the ξ-formation process (reaction rate k ξ1ξ2 ):
leading to the kinetic equation of the density n ξ :
In the early Universe we must also take into account the decreasing densities due to the expansion. Thus for each chemical species ξ we have
The expansion is characterized by the Hubble parameter H(t), which depends on the energetic component of the Universe:
where H 0 =71km s −1 Mpc −1 , given by (Freedman 2000) , is the present value of H(t). The Ω i 's density parameters depend on the redshift z such as Ω r ≡ (1 + z) 4 (radiation density parameter) and Ω m ≡ (1 + z) 3 (matter density parameter). We consider here a flat Universe (i.e. Ω K =0) with a constant cosmological density parameter Ω Λ = 0.73 given by the results of the WMAP experiment (Bennett et al. 2003) .
We extract the initial abundances of atoms and ions out of the SBBN theoretical predictions given by (Cyburt et al. 2003) .
[
Our calculations start at redshift z i = 10 4 , where the considered atoms are fully ionized, and stop at redshift z f = 10 where the formation of the first structures are initiated.
In Fig. 1 , we have plotted the chemistry evolution for helium, hydrogen, deuterium and lithium. Once neutral He is significantly abundant, see Fig. 1 , charge transfer with ions is possible, allowing the formation of other neutral species, which permit the formation of H + 2 through the exchange reaction with some neutral H. Then, the H + 2 charge transfer with a neutral species leads to H 2 molecules. Moreover, as the radiation temperature decreases, H 2 can be formed through H − by radiative attachment followed by associative detachment. Thus the two major routes of H 2 formation are visible in Fig. 1 by two jumps at the redshifts z ∼ 500 (H + 2 channel) and z ∼ 150 (H − channel). HD formation is significant when H 2 appears, the mechanism of dissociative collision between H 2 and D + ions becomes efficient. LiH is mainly formed by exchange reaction between Li and H 2 , however the charge transfer reactions with the H + or H exchange reaction are important destruction mechanisms of LiH. Thus LiH abundance remains low.
Primordial chemistry of fluorine
A comprehensive account was given of the chemistry of HF in interstellar clouds by (Zhu et al. 2002) , and more recently by (Neufeld et al. 2005) for the chemistry of fluorine-bearing molecules in diffuse and dense interstellar gas clouds. One very promising result was presented by (Rauscher et al. 1994 ) with a calculation of heavy element abundances in the context of non-homogeneous Big Bang nucleosythesis. In this paper the relative abundance of fluorine nuclei is estimated to be close to 10 −15 which is our initial abundance. Our calculations start at the redshift z s = 2000 to avoid fluorine recombination. For redshifts greater than z s , the fluorine chemistry is essentially dominated by the successive recombination from F n+ to the neutral atom F.
We consider seven reactions which involve fluorine component:
In some cases we have estimated the reaction rate of these reactions. All of these reactions are coupled with the chemical network of the SBBC and the equations of evolution for the temperatures (matter and radiation) and the density.
Radiative association
The data on the elemental processes of formationdestruction of molecules are extremely important for the chemical kinetic calculations. In the case of the HF chemistry one of the possible channels of the HF formation is radiative association of HF in the ground electronic state. The only bound electronic state for the hydrogen halide molecules is the ground X 1 Σ + state, in which the molecules can be formed by the radiative association. There are four states correlating asymptotically with F( 2 P)+H( 2 S): the lowest X 1 Σ + bound state and the three lowest repulsive 1 Π, 3 Σ + and 3 Π states (Brown & Balint-Kurti 2000) . The triplet states are dipole forbidden to combine radiatively with the singlet bound state, unless spin-orbit coupling is strong which is not the case (Brown & Balint-Kurti 2000) . Therefore radiative association from F( 2 P)+H( 2 S) is only possible through the bound X 1 Σ + and the repulsive A 1 Π states for the HF formation:
We can calculate the reaction rate by using the principle of detailed balance in the case where the cross section of inverse process (photodissociation of the HF) is available. Brown & Balint-Kurti (2000) have published data on the total photodissociation cross section for A 1 Π ←− X 1 Σ + which can be used to obtain the radiative association cross section:
Here g n is the statistical weight, Z H , Z F are statistical sums for H and F atoms respectively, ν is the frequency of photon, v is the relative velocity of H and F atoms, µ is the reduced mass of the molecule and σ d is the photodissociation cross section. Finally, the rate of the radiative association can be obtained by integration over v.
where f (T m , v) is the Maxwell distribution function averaged over all angles and T m is the matter temperature.
We find with high accuracy that the rate k F1 can be fitted by the approximation: 
Photodissociation of HF
(F2) HF + γ → F + H Using available cross sections from Brown & BalintKurti (2000) for the photodissociation of HF we calculated the corresponding rate to be k F2 = 6.8 × 10 7 exp (−121171/T r ) s −1 where T r is the radiation temperature.
Radiative attachment
Considering that photodissociation of F − should be close to that of Cl − , we deduced the radiative association cross section of (F3) from the experimental cross section of Cl − + γ → Cl + e − (Rothe 1969) by using the principle of detail balance. With this cross section, we calculated the reaction rate, to be constant, and of the order of k F3 = 10 −14 cm 3 s −1 .
Photodetachment
With the same hypothesis as above we used the experimental estimated cross section of the reaction Cl − + γ → Cl + e − to deduce the rate constant (F4) for the photodetachment. We find an analytical expression k F4 = 633120 T r /300 For this reaction we have used the experimental rate constant of Fehsenfeld (Fehsenfeld et al. 1973 ), determined at 296 K, k F5 = 1.6 × 10 −9 cm 3 s −1 .
Electronic collision
(F6) HF + e − → F − + H Using the experimental cross section for this process from (Xu et al. 2000) , we calculated the rate constant to be k F6 = 8.1 × 10 −17 s −1 at our temperature of interest.
3.7. Neutral-neutral reaction HF molecules are mainly formed by the exothermic neutral-neutral reaction of atomic fluorine with H 2 , which is confirmed by (Snow et al. 2006) where they reported results from a survey of neutral fluorine in the interstellar medium. They showed that the hydride of fluorine, HF, is in competition with the abundance of atomic fluorine, depending on how abundant H 2 is.
Results and discussion
Primordial molecules could play an important role in the future observations of CMBR anisotropies( (Dubrovich 1977) ; ). These authors argued that huge enhancement of the emission line intensity from the proto-objects could occur, and mentioned that molecular protoclouds at high redshift, 10 < z < 300, which have a peculiar velocity relative to the CMBR, could produce spectral-spatial fluctuations through the mecanism of pure reflection of the CMBR photons due to the opacity of a proto-object in narrow spectral lines and the Doppler shift in frequency due to the peculiar velocity. In this context, molecules of fluorine HF could play an interesting role, despite the low initial abundance of fluorine compared to the abundance of lighter elements. We find (see Fig. 2 ), that the abundance of molecular fluorine is the third neutral molecular abundance (with H 2 and HD). Thus HF molecules could contribute to the process of fragmentation of large proto structures. HF molecules 1 could be an important coolant agent in collapsing proto-objects and initiate the mechanism of thermal instability as do HD and LiH Puy & Signore 1996 , 1997 (Lipovka et al. 2005) . 
